The impact of using a nonlocalized electrical resistivity having a spatially asymmetric profile is considered on two-dimensional steady-state magnetic reconnection. Starting from an initial Harris current sheet, time-dependent magnetohydrodynamic simulations are carried out over an entire spatial domain without any symmetry assumptions. It is shown that a stationary Petschek-like reconnection is obtained in the half-plane where a uniform resistivity is adopted. The latter configuration is maintained by a coexisting Petschek configuration that is formed in the second half-plane where the resistivity exhibits a classical exponentially decreasing variation. The structure of the central diffusion region is asymmetric, with a stagnation point flow which does not coincide with the X-point. These results suggest conditions under which a Petschek solution can indeed exist in the presence of a small uniform resistivity in the whole domain.
I. INTRODUCTION
Magnetic field reconnection is a fundamental process in space and astrophysical plasmas, which allows a change in field topology with the conversion of magnetic energy into heating and acceleration of plasma. Two-dimensional magnetohydrodynamic ͑MHD͒ reconnection can now be said to be fairly well understood, and the more recent studies are mainly focusing on three-dimensional aspects. 1 However, there is one controversial aspect that, even now, remains puzzling. It concerns the existence of the fast reconnection regime allowed by the Petschek's mechanism. 2 Numerical MHD simulations have failed to obtain a Petschek-like solution when they use a spatially uniform resistivity. In contrast, Petschek reconnection can be produced when a nonuniform resistivity enhanced at the X-point of the central diffusion region is adopted. In the original model of Petschek, no assumption was made about the spatial dependence of the resistivity, and this led to the suggestion that the Petschek model may be incorrect for a uniform resistivity ͑see Kulsrud 3 and references therein, and Biskamp 4 ͒. This point is not purely academic, since the answer could be of great importance for understanding general aspects of magnetic reconnection in two and three dimensions as well. Furthermore, fast reconnection rates are needed to explain the rapid release of magnetic energy which occurs in phenomena such as solar flares. Note that in this paper, we focus on the MHD approach, which applies to collisional plasmas such as the low solar atmosphere.
In a previous paper ͑referenced as Paper 1 below͒, 5 using MHD experiments, we have found that Petschek reconnection is likely to occur when a quasi-uniform resistivity is employed. Petschek's mechanism possesses four standing slow-mode shocks attached to the corners of the central diffusion region ͑see Fig. 1͒ . This is in contrast to the SweetParker model, 6, 7 where the reconnection is much slower, and the diffusion layer is long and occupies the whole of the boundary between opposing magnetic fields. In a Petchek configuration, most of the magnetic energy conversion occurs through the shocks structure. However, the solution obtained in Paper 1 is strongly influenced by the resistivity gradient in the vicinity of the X-point, which is rather small for profiles having a weak nonuniformity. As a consequence, the reconnection rate is far from the maximum rate given by Petschek's famous formula
where R me and M e are the magnetic Reynolds number and Alfvén Mach number ͑i.e., ratio of plasma velocity to the Alfvén speed͒ of the plasma flowing into the current sheet, respectively. In this sense, the solution obtained in this way can not be considered as so fast.
In the present paper, we continue our previous work by carrying out new MHD experiments. More precisely, following the same numerical procedure, we extend our previous work ͑where only one quadrant with symmetry assumptions was adopted͒ to computations over an entire spatial domain. This allows us to set up the solution without any symmetry assumptions. Second, we can adopt an asymmetric resistivity profile with respect to the y = 0 axis. As a particular case, we are able to investigate reconnection solutions with uniform resistivity in one half part of the full domain independently of the resistivity profile chosen for the second-half part of the domain. This provides new insights on the conditions necessary to set up and maintain a Petschek solution with uniform resistivity, and having a rate closer to the maximum one ͓given by Eq. ͑1͔͒ than obtained in Paper 1. 
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This paper is organized as follows. In Sec. II, we present the model and numerical setup used in this work. The results are shown in Sec. III. Finally, we end with a conclusion in Sec. IV.
II. MODEL AND NUMERICAL SETUP
The setup of the experiments follows previous papers, in which one assumes initially a classical Harris current sheet configuration, with a magnetic field parallel to the y axis and varying with x,
where B e is the amplitude of the field and a is the initial half-width of the current sheet. A static equilibrium with an isothermal medium is considered. We set the ratio of specific heats ␥ equal to 5 / 3, and choose units such the magnetic permeability is one. We set B e = 1, and a = 0.1, to define our normalization. A rather moderate value at the boundary x = Ϯ L x of the plasma ␤ is also chosen; namely, ␤ = 0.35. The initial plasma pressure and density are then set to be p͑x͒ = 1.25− B y 2 / 2 and ͑x͒ =2p͑x͒ / ␤, respectively. We solve the usual full set of nonlinear MHD resistive equations as an initial value problem, in two spatial dimensions and Cartesian geometry ͑x , y͒. A total of 200ϫ 200 spatial grid points is used in the spatial domain
A nonuniform spacing with a grid accumulation is chosen in order to have sufficient cells to resolve the central current sheet. Typically, we are able to achieve a minimum grid spacing of ⌬x = 1.5ϫ 10 −3 and ⌬y =3ϫ 10 −3 in the x and y directions, respectively.
The boundary conditions are imposed through the use of two ghost cells situated slightly outside the computational domain at each boundary. Following Paper 1, a procedure with overspecified boundary conditions at the inflow boundary x = Ϯ L x is used. More precisely, five conditions are imposed on five physical quantities to be fixed in time and equal to their initial values; namely, the mass density, two components of the flow velocity, the y component of the magnetic field, and the total energy density. In this way, it has been shown that the system is able to choose its own solution without been driven by an external forcing, as required by Petschek-type reconnection. 8 Additionally, free conditions are also imposed at the outflow boundaries y = Ϯ L y .
We use the general finite-volume based Versatile Advection Code ͑VAC, 9 and select the explicit one-step total variation diminishing scheme with minmod limiting. 10, 11 This is a second-order accurate shock-capturing method making use of a Roe-type approximate Riemann solver. To handle the solenoidal constraint on the magnetic field ٌ · B = 0, our VAC simulations apply a projection scheme at every time step in order to remove any numerically generated divergence of the magnetic field up to a predefined accuracy. 12 In this work, in the half-plane y ജ 0, the applied numerical resistivity profile has the following form,
͑3͒
where 0 and 1 are the resistivities at the center of the domain and of the background region, respectively. l x and l y are the characteristic length scales of the resistivity variation. In this work, l y can vary from case to case. This is in contrast to the l x value, which is taken to be fixed to l x = 0.05, as it has been previously shown that its value does not influence the solution ͑see Paper 1͒.
III. RESULTS
The use of the resistivity profile given by Eq. ͑3͒ for y ജ 0, together with a uniform resistivity = 0 for the second half-plane y ഛ 0, is sufficient to produce a Petschek-like configuration in the whole domain. This is illustrated in Figs. 2 and 3, using 0 =10 
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numerical resistivity for the spatial resolution used͒. A value l y = 0.02 is also taken for the present asymmetric run. Figure 2 clearly shows that shocks are first produced in the upper half-plane ͑where the resistivity is nonuniform͒. Later, once a Petschek solution is set up in the upper part, another Petschek solution is driven in the bottom half-plane ͑where the resistivity is constant͒, as one can see in Fig. 2 . In this way, a steady-state reconnection solution has been set up, that appears to be very similar to the schematic view of Fig. 1 . However, one must note that shocks are thicker in the lower half-plane due to the higher resistivity employed there ͑more than one order of magnitude higher than the background resistivity taken for y ജ 0͒.
We have examined in more detail the structure of this final steady-state solution. Using a y = 0 cut, in Figs. 4 and 5 ͑for V x and B y as a function of the x coordinate͒, we are able to investigate the transverse structure. Indeed, the transverse variations obtained for the asymmetric run are very similar to the ones corresponding to steady-state Petschek reconnection obtained in two simulations using a classical symmetric exponentially decreasing resistivity profile ͑with l y = 0.02 and l y = 0.2͒ for the whole x -y plane. Petschek reconnection, as described in Yan et al. for example, 13 exhibits a decreasing magnetic field amplitude when approaching the diffusion region from the inflow boundary. At the same time, the plasma flow is converging and shows the characteristic variation displayed in Fig. 4 .
Moreover, we can deduce from Figs. 4 and 5 that the asymmetric case is intermediate between the two symmetric ones. More precisely, we have checked that our asymmetric solution is very close to a symmetric one using l y = 0.1. In contrast to solutions obtained for quasi-uniform resistivity in Paper 1, the Petschek-like solution that is produced in this way has a reconnection rate that is close to the maximum rate given by Petshek's formula ͓Eq. ͑1͔͒. We nevertheless argue that the rate should depend on the resistivity gradient assumed in the nonuniform resistivity half-plane.
It is also instructive to investigate the longitudinal structure of the steady-state configuration by using x = 0 cuts. In 
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Petschek reconnection with a nonlocalized resistivity Phys. Plasmas 16, 012102 ͑2009͒ particular, the asymmetric nature of the solution is clearly visible in Figs. 6 and 7. The current density profile displays a maximum amplitude that is shifted from the central location x = y = 0, to a location in the upper ͑y ജ 0͒ plane. Again, the solution appears to be intermediate between the two symmetric solutions. Moreover, as the configuration obtained for the asymmetric case is globally different from the solution obtained for the symmetric case with l y = 0.02 ͑using the same resistivity profile in the upper half-plane͒, this clearly indicates that the solution for y ജ 0 is also influenced by the uniform resistivity taken in the lower half-plane. However, in spite of this local asymmetry, one must note that the configuration is nearly symmetric at large scale. Indeed, for example, the outflow velocity of the plasma V o is the same at the two outflow boundaries; namely, at y = L y and y =−L y . In order to explore in somewhat more depth the structure of the diffusion region, we have plotted in Fig. 8 , the y variation ͑for an x = 0 cut͒ of the two terms, V y B x and J, which are the main purely ideal and resistive contributions to the electrical field E = J + v ϫ B. For a steady-state configuration the electrical field is uniform by virtue of Faraday's law. The latter plot clearly shows a strong asymmetry, that is particularly visible in the spatial y-locations where the two terms balance. These are for y = 0.02 in the upper half-plane, and for y = −0.15 in the bottom half-plane. As it also corresponds to the two boundaries of the central diffusion region ͑where the resistive term dominates the ideal convective effect͒, it indicates that the diffusion region is strongly asymmetric. Figure 9 , showing the y profiles of V y and B x in this central region, gives us an additional striking feature. The stagnation point flow ͑where V y =0͒ is situated at y = −0.02, and consequently does not coincide with the magnetic X-point ͑where B x =0͒ situated at y = 0. This is associated with the fact that the y component of the thermal pressure gradient does not vanish at the X-point.
It is instructive to study the dependence of the reconnection rate M e as a function of the half-length l of the central diffusion region for a given resistivity 0 . Several ͑symmet- The dependence for the symmetric runs is similar to the results obtained in a previous study by Scholer, 14 showing the existence of a maximum rate ͑with M e Ӎ 0.074͒ when an optimal l value l Ӎ 0.04 is reached. This behavior is also consistent with the original work done by Petschek for obtaining of the maximum rate ͓given by Eq. ͑1͔͒.
2 Figure 10 shows that the asymmetric cases follow a similar global dependence. However, the asymmetry slightly modifies the maximum rate ͑a value of 0.06 is obtained͒ that is reached now for l Ӎ 0.07. Note also that the maximum measured values for M e are substantially higher than predicted by Eq. ͑1͒ ͑a theoretical value of 0.052 is expected for R e = 2000͒, which is valid in the limit of very large Reynold numbers.
Finally, as a relatively high value for the resistivity was used above, we have repeated an additional asymmetric reconnection, but using instead a lower ambient resistivity 0 =10 −4 . The results are very similar to the case 0 =10 −3 , except that the asymmetry is now weaker and the shocks are thinner, as shown by Fig. 11 .
IV. CONCLUSION
We have shown that it is possible to obtain Petchek-like reconnection in a half-plane where a uniform resistivity is imposed. This is helped by a Petschek solution produced in the other half-plane where a classical decreasing resistivity profile is adopted. In this way, a uniform-resistivity solution appears to be driven and maintained by a coexisting nonuniform-resistivity Petschek configuration. Conversely, the nonuniform part of the solution is also influenced by its uniform counterpart. We can therefore imagine that, in principle, a Petschek solution could possibly exist for a uniformresistivity in the whole domain, but it is probably marginally stable since an external/internal agent is necessary to maintain it. We plan to investigate this possibility further in the future.
The examination of the whole configuration indicates an asymmetric structure, which is particularly noticeable for the diffusion region. An interesting feature is that the stagnation point and X-point are not co-located. Thus, we can imagine the production of a uniform resistivity solution ͑for the whole domain͒ by decoupling these two points. A potential way to realize it would be to employ a specific well-tailored viscosity profile. Indeed, as in previous works, no explicit viscosity was used in the present work. Thus, the viscosity in the present runs is mainly due to the numerical diffusion and is consequently negligible. In a real plasma ͑like the solar corona, for example͒, there is no reason to neglect the viscosity compared to the resistivity value. Another possibility for decoupling the stagnation point flow from the X-point could be by the use of obstacles in the flow along the diffusion region.
Finally, we have employed a rather unrealistic resistivity profile in the present study. However, our aim was not to reproduce a magnetic reconnection occurring in a given particular physical context, but instead to demonstrate under which conditions the Petschek process is in principle possible when the resistivity is spatially uniform.
